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The mixed (oxygen ionic-electronic) onductor bismuth vanadate (BiVO4) was studied with respect o its electrochemical 
properties. The ionic transference numbers, measured by the concentration cell method in the temperature ange of 800 to 1000 
K, vary from 0.7 to 0.3. The total conductivity of this ceramic material is one order of magnitude lower than found for cubic 
yttria-stabilized zirconia (YSZ). The activation enthalpy for the electronic onductivity is high ( 193 kJ/mol) compared to the 
ionic conductivity (71 kJ/mol). The Po2 dependency of the conductivity data in combination with the Seebeck measurements 
showed electrons to be the majority charge carriers, indicating that BiVO4 is an n-type mixed conductor. 
1. Introduction 
In solid oxide fuel cells and comparable solid state 
ionic devices, the cathodic reaction often accounts 
for high energy losses. Therefore a continuing search 
for better cathode materials i  performed world wide. 
In the cathodic reaction on oxygen ion conducting 
materials, generally the adsorption of oxygen plays 
an important role. As oxygen is an electrophilic spe- 
cies, an electron rich surface may promote the ad- 
sorption and dissociation of oxygen. An n-type mixed 
conductor will supply such a high concentration of 
electrons. For reasons of compatibility with the elec- 
trolyte material to be used (erbia-stabilized bismuth 
oxide) a bismuth containing mixed conducting ox- 
ide was selected. Moreover, there are indications that 
bismuth is catalytically active in the oxygen oxida- 
tion/reduction reaction [ 1 ]. 
In literature the only bismuth containing mixed 
conducting oxide of which n-type electronic con- 
ductivity is reported, is the solid solution of vana- 
dium oxide and bismuth oxide. Although the liter- 
ature on BiV04 is extensive because of the use of this 
compound as a pigment, electrochemical data con- 
cerning this system are scarce. The information that 
can be found is highly contradictory. Ramadass et al. 
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[2 ] reported that, depending on the stoichiometry, 
BiVO4_x showed ,o-type or n-type mixed conductiv- 
ity. Lu et al. [ 3 ] reported BiVO4 to be a ,o-type mixed 
conductor. Neither of these papers provided conclu- 
sive evidence for the type of electronic onductivity. 
Preliminary experiments indicated that BiVO4 might 
be an interesting material [4,5 ]. 
For this reason a research program was started in 
which the crystal structure, the stability, the electri- 
cal and ionic conductivity and the electrode prop- 
erties of BiVO4 were studied. Also a comparison of 
a number of methods for the synthesis of BiVO4 has 
been made. 
2. Experimental procedures 
2. I. Synthesis 
Three methods for the synthesis of BiVO4 were  
tested: (i) Co-precipitation, (ii) solid state reaction, 
(iii) pyrolysis. The co-precipitation method turned 
out to be unsuccessful as the vanadyl ions are am- 
photeric, i.e. they dissolve in acid as well as in basic 
solutions. This means that co-precipitation of va- 
nadium by changing the oH of a stoichiometric so- 
lution of the metal ions is difficult. 
The solid state reaction (denoted SSR) was per- 
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formed by mixing stoichiometric amounts of high 
purity grade Bi203 and V205 (Both from Merck).  
The oxides were mixed in isopropanol in a planetary 
mill (Pulvrisette 5) for 16 h. After drying for 12 h 
at 400 K the obtained powder was ball-milled (Pul- 
vrisette 0) for 45 min and calcined for 16 h at 1073 
K. This latter temperature was selected from DTA 
experiments of a mixture of Bi203 and V205 and lies 
well above the temperature of 913 K at which the 
reaction peak was observed in the DTA recording. 
The pyrolysis method was performed by slightly 
modifying the method of Kruidhof  et al. [6]. Stoi- 
chiometric amounts of NH4VO3 and Bi203 were dis- 
solved in diluted and in concentrated nitric acid re- 
spectively. Citric-acid was added to the solutions in 
a ratio of 3 mol citric-acid per mol of metal ions dis- 
solved. The solutions were mixed and diluted three 
times with disti l led water. This solution was neu- 
tralized with ammonia (7M).  Precipitation that may 
occur will dissolve by adding an excess of ammonia.  
The basic solution was heated in small portions on 
a hot plate until the water had evaporated and the 
residue ignited. After the pyrolysis the powder of the 
mixed oxides was calcined during five hours at 1073 
K. 
Because of the widespread use of BiVO4 as a pig- 
ment it is commercial ly available (CERAC, 200 
mesh ). For comparison reasons this powder was also 
used in a number of experiments. 
The composit ion and crystal structure of the cal- 
cined powders was analyzed using XRD and DTA. 
The stability of the powder was studied using DTA. 
2.2. ( \e ramic  sample  preparat ion  
Ceramic samples of the different powders were 
prepared by mill ing the oxides in acetone for four 
hours. After drying the powder was pressed uniaxi- 
ally into boules with a diameter of 14 mm and sub- 
sequently isostatically pressed (7×10 l° N).  The 
pressed boules were then sintered for 16 h at 1153 
K in their own atmosphere, obtained by placing the 
boules on a layer of BiVO4 powder, to prevent se- 
lective evaporation of one of the metal oxides. The 
furnace was heated and cooled with 1 degree per 
minute. 
The boules were cut to discs with a diameter of 12 
mm and 2 mm thickness. These discs were ground 
and polished on both sides. For the final polish 6 Jam 
diamond paste was used. After polishing the samples 
were cleaned ultrasonically and annealed for one hour 
at 1023 K (heating and cooling rate as before). 
When necessary for the experiments 300 nm thick 
gold electrodes were sputtered on the samples by dc- 
sputtering. 
2.3. E lec t rochemica l  measurements  
On samples from both synthesis methods, as well 
as on samples from the commercial powder, ionic 
transference number (t,) measurements were per- 
formed using the concentration cell technique [7]. 
In this technique a gas-tight sample of the material 
to be investigated was used to separate two com- 
partments containing different oxygen partial pres- 
sures. The potential difference between two circular 
porous gold electrodes deposited on the opposite 
faces of the disk shaped sample was measured. The 
ionic transference number t~ was obtained by divid- 
ing the measured potential difference over the sam- 
ple by the potential calculated from the Nernst 
equation. 
The ionic transference number measurements were 
performed at several temperatures. The Po~ value on 
one side of the sample was maintained at 1.0 atm 
and at 0.21 atm on the other side. 
For checking the performance of the measurement 
cell, at regular intervals measurements with a pure 
ionic conductor (YSZ) were done. 
Two-electrode conductivity experiments were per- 
formed by impedance spectroscopy. The measure- 
ments were carried out at several temperatures and 
oxygen partial pressures using circular porous gold 
electrodes. The impedance data were analyzed using 
the impedance data analysis program "Equivalent 
Circuit" [8 ]. 
The ionic and electronic onductivit ies were cal- 
culated from the total conductivity using the ionic 
transference numbers and a NLLS-fit procedure that 
is discussed below. 
Thermal EMF experiments were performed to 
verify the type of electronic harge carriers in BiVO4 
according to the method described by Wagner [9]. 
The experiments were conducted on a cylindrical 
sample with a diameter and a length of 6 ram. Gold 
contacts were sputtered on both ends of the cylinder. 
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The Seebeck coefficient is defined as limaT~0( -AV/  
AT). Four different emperature gradients were ap- 
plied across the sample and the resulting EMF values 
were recorded. The Seebeck coefficient was calcu- 
lated from the slope of the straight line through the 
AT /EMF pairs. This eliminates a possible Soret 
effect. 
3. Results and discussion 
3.1. Characterization 
All powders obtained from the different synthesis 
routes were analyzed by XRD. The diffractograms of
the latter powders all show a single monocl inic rys- 
tal phase. No addit ional peaks were observed indi- 
cating that no free Bi203 or V205 was present. The 
cell parameters for the different powders were within 
the experimental errors. According to powder dif- 
fraction file (PDF  No. 14-688) this should be a 
monoclinic phase with the space group I1 2 /A  1. 
Comparison of the measured ata and the data ob- 
tained from the PDF  in table 1 shows a good agree- 
ment of the a-axis. The b-and c-axis are 0.06 ~ shorter 
than reported in the PDF. This difference can be at- 
tr ibuted to the precision of the floating point num- 
bers used in the analysis program in calculating the 
cell parameters. 
DTA experiments in air in the temperature range 
573-1073 K show that no phase changes occur. 
Hence the monoclinic phase is stable in this tem- 
perature range. No peak was observed at the melting 
temperature of V205 (963 K) indicating that vir- 
tually no free V205 was present in the sample. This 
is in agreement with the observed single phase X-ray 
diagram. The melting temperatures of BiVO4 ( 1213 
Table 1 
Monoclinic cell parameters for BiVO4. Powder diffraction file 
(PDF) values are given for reference purpose. 
Axis (A) This work PDF 
a 5.195 5.195 
b 11.692 11.701 
c 5.086 5.092 
,8 98.65 98.38 
p~h (g/cm 3) 6.966 6.949 
K) and Bi203 ( 1133 K) are outside the temperature 
range of the DTA apparatus and therefore cannot be 
observed. 
3.2. Ceramic sample preparation 
Ceramic samples were prepared from all three 
powders (solid state reaction, pyrolysis and com- 
mercial powder).  The densities of the boules after 
isostatic pressing and after sintering are presented in 
table 2. The highest final relative density (Pre~) ob- 
tained is approximately 92% and is observed for the 
sample from the solid state reaction method. This is 
equal to the value reported by Lu et al. [ 2 ]. The col- 
our of the boules after sintering is purple-brown. We 
observed that if the sample from the pyrolysis method 
was sintered again at a temperature of 1153 K the 
relative density increases to 94.3%. Increasing the 
sinter temperature to 1203 K resulted in a decrease 
of the pre~ to 91%. After sintering at this temperature, 
bubbles were found on the surface of the boule. 
Removing the outer layer from the boules revealed 
an inhomogeneously coloured sample. The matrix of 
the sample is dark yellow with a large number of pur- 
pie-brown spots. Electron microscopic investigations 
showed that the dark spots consists of material with 
a higher density that the surrounding matrix. EDS 
analysis of the matrix and the dark spots showed no 
difference in composit ion, i.e. no noticeable phase 
separation occurs. 
The decrease in density with increasing tempera- 
ture, the colour of the outer layer of the boules and 
the inhomogeneous density distribution in the bulk 
of the samples leads to the conclusion that BiVO4 
rapidly forms a gas tight skin during sintering. This 
skin prohibits the escape of gases trapped in the bulk 
of the boules. Repeated sintering at higher temper- 
atures may cause inflation of  the sample causing a 
Table 2 
Densities of the samples before (1 ) and after (2) sintering at the 
given temperature. 
Synthesis p~l ) T~ P~b, p~21 
route (%) (K) (g/cm 3) (%) 
pyrolysis 82.5 1073 6.102 87.6 
SSR 77.7 1103 6.430 92.3 
commercial 1133 6.088 87.4 
86 1. C. Vinke et al. / Bulk and electrochemical properties ofBi  V04 
decrease in density as was observed. This trapping of 
gas can also explain the formation of bubbles on the 
surface of the boules. 
3.3. Electrochemical measurements 
The results of the ionic transference number mea- 
surements of BiVO4 are presented in fig. 1 together 
with the reference measurements on YSZ. The data 
for YSZ are close to unity as is expected. The ionic 
transference numbers for BiVO4 vary from 0.65 at 
810 K to 0.25 at 940 K indicating that the electronic 
and ionic conductivity are of the same order of mag- 
nitude. The drawn line will be discussed further on. 
The analysis of  the two-electrode impedance data 
allow to make a distinction between bulk and elec- 
trode contributions as can be observed in fig. 2. At 
high temperatures no dispersion is observed. This 
means that the electronic conductivity of the bulk 
short circuits the ionic conductivity and thus elim- 
inates the electrode reaction. The total bulk conduc- 
tivity obtained from the high frequency intercept with 
the real axis of the impedance spectra is represented 
in the Arrhenius plot of fig. 3. Comparison with lit- 
erature data shows that the total conductivity of 
BiVO4 is appreciably lower than that of 25 mol% er- 
bia-stabilized bismuth oxide (BE25) [10] and even 
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lower than the conductivity of YSZ [ 11 ]. It can be 
seen that at high temperatures especially the points 
for low Po2 values deviate from a single straight line. 
This means that the conductivity cannot be de- 
scribed using a single thermally activated process. In 
fig. 3 we can also observe that the conductivity in- 
creases with decreasing oxygen partial pressure. This 
points to n-type electronic conductivity. To be able 
to distinguish between ionic and electronic conduc- 
tivity we assume that the total conductivity can be 
described by a summation of the ionic and the elec- 
tronic conductivity, see eq. (2a). Because of the in- 
dication of n-type mixed conductivity we assume the 
electronic conductivity to show Arrhenius behaviour 
as a function of temperature. For the Pc,_, depend- 
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ency we assume that this is controlled by the reaction 
described by eq. ( 1 ): 
O2,g q- 2V  o +4e' a20~.  ( 1 ) 
Assuming that the formation and mobility of the 
electronic charge carriers are simple thermally acti- 
vated processes, eq. (2b) will describe the behaviour 
of the electronic conductivity with n = - I predicted 
from eq. ( 1 ). As a first approximation it is assumed 
that the concentration of oxygen vacancies is high 
and is not markedly influenced by the reaction of eq. 
(1). Eq. (2c) describes the ionic conductivity as 
function of temperature and Po2: 
a,=a~ +G,  (2a) 
O'e'° ~ ~(  - -  ~k/-/x~D -- 1/4 (2b) 
= T °2  ' 
O'i, 0 ( --  Z~l/-/i x~ 
ai= T exp~ ) .  (2c) 
Combining the transference numbers presented in 
fig. 1 together with the measured total conductivi- 
ties, estimates for the activation enthalpies and the 
pre-exponential a0 values were obtained. Using the 
complete set of measured impedance data (all Po2'S) 
these values were refined in a NLLS-fit procedure 
with eqs. (2a) - (2c )  as model functions. Simula- 
tions of the electronic and ionic partial conductivi- 
ties, calculated from the fit result for two Po2 values, 
are presented in the Arrhenius plot of fig. 4 together 
with the experimental total conductivities. In fig. 5 
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the experimental nd simulated total conductivities 
are presented as a function of Po2 for several tem- 
peratures. This figure clearly shows that a good 
agreement exists between the measured and simu- 
lated values. Hence it may be assumed that the pre- 
sented model based on n-type electronic onductiv- 
ity accurately describes the temperature and Po2 
dependence of the measured conductivity. 
A remarkable result of this analysis is the high ac- 
tivation enthalpy for the electronic onductivity, 193 
kJ/mol (2.0 eV), which is very high for an n-type 
conductor. The activation enthalpy for the ionic par- 
tial conductivity is rather low, 71 kJ/mol. As a result 
the total conductivity is mainly electronic at high 
temperatures (and low Po_~ values) and mainly ionic 
at low temperatures (and high Po~, values). 
Using the simulated partial electronic and ionic 
conductivities the ionic transference number, t, = or,/ 
(a~ + G), can be calculated for a given t~): value. The 
drawn line in fig. 1 represents he simulated t~ values 
for Po2 =0.21 atm. The measured l~values are some- 
what lower than the calculated values, especially at 
low temperatures. This difference can be attributed 
to the simultaneous transport of ionic and electronic 
species through the electrolyte (under steady state 
conditions) during the EMF measurement. Due to 
this internal oxygen transport, he oxygen activity at 
the electrode is not in equilibrium with the gas phase. 
Transference numbers calculated using the Nernst 
equation will therefore be too low. 
Additional proof of the type of electronic harge 
carrier can be obtained from thermo-EMF measure- 
ments. A positive Seebeck coefficient points to pos- 
itively charged majority charge carriers and a neg- 
ative Seebeck coefficient to negative species. Fig. 6 
shows that for BiVO4 a transition from positive to 
negative values can be observed in the Seebeck coef- 
ficients. This means that the majority charge carrier 
changes from a negatively charged species at high 
temperatures to a positive species at low tempera- 
tures. From the conductivity data it was concluded 
that at low temperatures the positively charged ox- 
ygen vacancies are the majority charge carriers. The 
only negative mobile species present in BiVO4 are 
electrons. This confirms the conclusion from the 
conductivity data that BiVO4 is an n-type mixed 
conductor. These results also confirm the observa- 
tion that the material changes from a predominantly 
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ionic conductor at low temperatures to a predomi- 
nantly electronic onductor at high temperatures. 
5. Conclusions 
Bismuth vanadate has a monoclinic ell structure. 
The sintering of the material must be performed 
at lower temperatures to prevent closing of the skin 
causing low relative densities and large differences in
local density of the material. 
Bismuth vanadate has a total conductivity that is 
at least one order of magnitude lower than YSZ. 
Bismuth vanadate isa mixed conductor with n-type 
electronic conductivity. The ionic and electronic 
conductivity are of the same order of magnitude at 
temperatures around 900 K. 
The activation enthalpies are 71 kJ/mol for the 
ionic conductivity and 195 kJ/mol for the electronic 
conductivity. 
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